The dispersive absorption coefficient and refractive index are the key optical functions in optimizing the performance of organic optoelectronic devices. The optical functions of organic materials have been generally determined and reported by, for example, using ellipsometry and photoluminescence excitation. However, these methods cannot provide much physical understanding of the optical functions. In addition, conclusive studies on the origins of the optical functions of the organic materials are limited. In this paper, we first determine the absolute optical functions by using ellipsometry against different oscillator models. We can then find out the better oscillator model to be used with ellipsometry together for determining the experimental optical functions. The next step is to determine and explain the origins of the experimentally determined optical functions by investigating the molecular orbitals and electronic transitions of organic molecules through time-dependent density functional theory. This comprehensive study is conducted on two popular materials of tris(8-hydroxyquinoline) aluminium (Alq 3 ) and 4, 4 bis [N-(1-napthyl)-N -phenyl-amino]-biphenyl (NPD).
Introduction
The dispersive absorption coefficient and refractive index are critical optical functions for studying and optimizing the performance of organic light emitting devices (OLEDs) [1, 2] and solar cells [3, 4] as well as providing a better understanding of the devices. There are various reports in experimentally determining the absolute optical functions of organic materials through ellipsometry together with oscillator or point-bypoint models [5] [6] [7] [8] [9] . Lorentz and Gaussian oscillators are two of the typical oscillator models widely used for such purpose [6] [7] [8] [9] . The Lorentz oscillator model is based on homogeneous broadening mechanisms in which all molecules have the same transition energy and are subject to the same relaxation processes. It is commonly used for generating a full complex dielectric function for light interaction matter [10] particularly at low temperature [11] . Gaussian bands, on the other hand, arise from the inhomogeneous broadening mechanism in which the molecular transition energy is shifting 3 Author to whom any correspondence should be addressed. on a random basis [12] . The second model is often used for photoemission studies [13] .
The oscillator models provide a good framework for determining the absolute optical functions from the experimental data obtained by ellipsometry. However, this approach is weak in giving the details of the origins of the optical functions which are the keys to the understanding of organic materials [14] . In this paper, we first determine the absolute optical functions by using ellipsometry against Gaussian, Lorentz and Tauc-Lorentz oscillator models, respectively. We then determine and explain the origins of the optical functions by investigating the orbital structures and the state transitions of organic molecules through the density function approach.
Two representative organic materials of tris (8-hydroxyquinoline) aluminium (Alq 3 ) and 4, 4 bis[N -(1-napthyl)-N -phenyl-amino]-biphenyl (NPD) are investigated, where Alq 3 is a popular electron transporter while NPD is a typical hole transporter of OLEDs. After understanding the origins of the optical functions, we make some final comments on ellipsometry being used together with different oscillator models.
Experiment and theoretical models

Growth of organic films and photoluminescence excitation (PLE) measurement
In preparing the organic thin films, Si substrates with a size of 15 × 15 mm 2 are cleaned by scrubbing with detergent and soaking in de-ionized water for 10 min. The organic materials are purified by gradient sublimation. When the thin film is grown at a pressure of ∼10 −6 Torr, the typical deposition rate is 1.0-2.0 Å s −1 . Film thickness is monitored in situ by using the quartz crystal monitor and ex situ by a stylus profilometer (Tencor α-step 500) [15] . For PLE measurement, 1000 W Xeon Arc Lamp from Newport Corp. integrated with an Acton 1/8 meter monochromator is used as the light source. All optical measurements are done with the phase lock-in technique. Luminescence signals are collected by lenses and dispersed through an Acton 0.275 meter monochromator. The dispersed signals are collected by a Hamamatsu photomultiplier tube and processed via a computer. The measured emission wavelengths of Alq 3 and NPD are set at 530 nm and 440 nm, respectively.
Ellipsometry measurement
The absolute optical functions are experimentally determined using a VASE ellipsometer from J A Woollam Co., Inc. The ellipsometer is operated with the antoretarder. The light source we used is a xeon arc lamp and the incident angle to the samples is adjusted to 65
• , 70
• and 75
• . The diameter of the light spot is about 0.8 mm. It should be noted that ellipsometry can only measure the parameters of ψ expt and expt . Simulation, as described below, has to be conducted for fitting the ellipsometry parameters from which the absorption coefficient and refractive index can be determined.
Generally, the complex dielectric constant of the materials is written as ε = ε 1 + iε 2 . The real and imaginary parts of the complex refractive index are n and k, respectively, and can be described as
The absorption coefficient is proportional to the imaginary part of the refractive index as α = (4π/λ)k. The theoretical ψ theo and theo are derived from Fresnel reflection coefficient R p and R s for p-and s-polarized light, respectively [16] by
The mean-squared error (MSE) between the theoretical and the experimental ellipsometry parameters can be calculated by
where N is the number of (ψ, ) pairs, M is the number of variable parameters in the model and σ is the standard deviations on the experimental data points. The MSE represents a sum of the squares of the differences between the measured and the calculated data, with each difference weighted by the standard deviation of that measured data point. From the point-by-point method [16] and the oscillator models in section 2.3, the R p and R s (and thus ψ theo and theo ) are determined when the MSE value is smaller than the tolerance. Consequently, the optical functions can be experimentally obtained.
Oscillator models
The R p and R s in equation (2) can be calculated from the optical functions by the transfer matrix [17] of the layered structures (including the Si substrate). By using oscillator models, the complex dielectric constants and thus the optical functions (see equation (1)) are described. The three oscillator models used here are the Lorentz, Gaussian and Tauc-Lorentz oscillators. For the symmetric Lorentz oscillator model, ε 2 is defined by the summation of n Lorentz-featured oscillators; each parametrized by the peak energy of an oscillator (E on ) in eV, amplitude (A n ) and broadening (Br n ) in eV as
Meanwhile, ε 2 can also be described by symmetric Gaussian oscillator model as
. (5) Tauc-Lorentz oscillator was developed by Jellison and Modine [18] which could be used for asymmetric function. It works particularly well in amorphous materials. The corresponding equation of ε 2 of the model is
where E g is the transition energy and C is the broadening term. After determination of ε 2 , ε 1 can be expressed by KramersKronig transformation as
where P stands for the Cauchy principal part of the integral and ξ is energy in eV. The final ε 1 is determined by using equation (7) together with a spectral offset parameter and the parameters of spectral endings. The parameters are used for taking into account the absorption that occurs outside the measured spectral range. The parameters of ε 1 and ε 2 are simultaneously fitted to minimize MSE by using LevenbergMarquardt regression algorithm [16] . 
Quantum mechanic model of molecular orbitals
In order to determine and understand the origins of the optical functions, the molecular orbitals of Alq 3 and NPD are computed by using the Gaussian03 program [19] . The ground state molecular structure is optimized at the restricted Hartree-Fock (HF) level with the 6-31G(d) basis set (RHF/6-31G(d)). The Kohn-Sham molecular orbitals are calculated through density functional theory (DFT) for the optimized geometries obtained at the RHF/6-31G(d) level, employing the B3LYP/6-31G(d) hybrid functional. To verify the geometry optimization, we also perform the optimization with the DFT. The results show that the HF values are only slightly deviated from the DFT values, implying that the molecular geometry has been optimized. The vertical excitation energies are then determined by finding the total energy difference between the excited state energy through the time-dependent density functional theory (TDDFT) and the DFT ground state energy with respect to the optimized geometry at the restricted HF level. The first 40 and 30 excited states have been calculated for Alq 3 and NPD, respectively. These states are used to interpret the experimental absorption spectrum obtained by ellipsometry.
The absorption spectra are calculated as a sum of Gaussian shaped bands as
where ε is the molar absorbance (mol −1 L cm −1 ), ω i is the energy corresponding to the allowed transition (cm −1 ), f i is the oscillator strength and 1/2 is the full-width-half-maximum, assumed to be 3000 cm −1 (i.e. 0.5 eV). The total integrated intensity under an absorption spectrum equals the summation of the oscillator strengths:
3. Results and discussion
The optical functions determined by ellipsometry
The (3)) compared with that of the Gaussian and the Lorentz models. The main reason is that Tauc-Lorentz oscillator has the higher flexibility in the line-shape modification to overcome the difficulties of the symmetric Gaussian and Lorentz models in fitting asymmetric absorption lineshapes in Alq 3 and NPD. From equation (6) , the asymmetric feature of the Tauc-Lorentz model can be easily adjusted by changing the broadening factor C and the energy difference between E g and E o . Together with the amplitude adjustment of A, the TaucLorentz oscillator model provides the best fitting for the optical functions. Meanwhile, since the Gaussian oscillator having the term exp(-E) as in equation (5) falls fast and returns to zero, the Gaussian oscillator offers better fitting than the Lorentz oscillator having the term 1/E 2 (equation (4)), particularly for the case of the first peak at the longer wavelength whose amplitude will reduce to zero and the case of return-to-zero between peaks. Therefore, the MSE of the Gaussian model is lower than that of the Lorentz model and therefore provides better fitting than the Lorentz model as shown in table 1.
The absolute refractive index and absorption coefficient of Alq 3 and NPD determined by ellipsometry and the TaucLorentz model are shown in figure 1 . To confirm the absorption properties, PLE is also measured. As shown in figure 2 , the features of the PLE spectra agree very well with the absorption coefficient spectrum determined by ellipsometry. In order to ensure the quality of the sample and thus the optical functions, the spectra of the optical functions at various thicknesses are investigated. The results show that the optical functions at various thicknesses are close to each other as shown in figures 1 and 3 (as can be understood that the optical functions are apparently independent of the film thickness). In addition, the absorption coefficient spectrum of Alq 3 and NPD agreed well with others [1, 20, 21] with first peak absorption coefficient of ∼45 000 cm −1 at about 400 nm for Alq 3 and ∼165 000 cm −1 at about 345 nm for NPD. Besides, the imaginary part of the refractive index (k) of Alq 3 and NPD shown in the inset of figure 1 have absorption onset at ∼2.65 eV and 2.9 eV, respectively, which agree with previous reports [20, 21] without any broadened k at ∼3 eV nor the non-zero k at photon energy below 2.5 eV as reported [22] . The results imply that the organic films are very good in quality.
Absorption spectra evaluated by quantum mechanical calculation
In order to understand the origins of the absorption properties, we compute the excited states of Alq 3 and NPD by TDDFT. The molecular structure and the first HOMO and LUMO orbitals of Alq 3 and NPD are shown in figure 4 . The electronic transitions and selected corresponding oscillator strengths are listed in tables 2 (Alq 3 ) and 3 (NPD). The absorption peaks determined by experiments (ellipsometry and PLE) in figures 1 and 2 can be physically understood from the corresponding electronic transitions and oscillation strengths. From the tables, we can observe that the overall absorption spectra are dominantly contributed by some electronic transitions. For each excited state, the involved electronic transitions between the molecular orbitals are also evaluated. Taking Alq 3 as an example, the first absorption peak at around 400 nm is likely to be contributed by multiple electronic transitions from HOMO 0 to LUMO+1 and +2. The excited state energy and the oscillator strength of each excited state provide important information on the absolute absorption spectrum as discussed below.
The experimental and theoretical absorption spectra are plotted against each other in figure 3 . For Alq 3 , both the close distribution of the first seven excited states (S1 to S7 in table 2) and the gradual change in their oscillator strength make the overall absorption become a single peak at around 395 nm as 
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shown in figure 3 (a). While the satellite peak at ∼320 nm has been briefly explained elsewhere in the literature [23] as being due to the fast non-radiative relaxation from the 1 B b to the 1 L a state, with subsequent 1 L a radiative recombination to the ground state [1] , the theoretical absorption spectrum determined from the molecular orbital model here can unveil the details of the radiation transitions that the electronic transitions of the 10th, 11th and 12th excited states to the ground state are mainly contributed to the satellite peak, as shown in figure 3(a) . Some features observed both in the experimental and the theoretical results of Alq 3 are not the same as that of NPD. For Alq 3 , the transitions of the first seven excited states (S1 to S7) contribute together to a single resultant absorption peak as discussed previously. However, for NPD, the transitions of the first seven states (S1 to S7 as listed in table 3) are divided into two small groups, making the absorption spectrum having two peaks at ∼320 nm and ∼370 nm, respectively. Even though in the experimental results, the two peaks merge together due to the strong broadening, the shoulder which corresponds to the first overall absorption peak at ∼370 nm determined in theory can still be clearly resolved, as shown in figure 3(b) . Consequently, the molecular orbitals and the absorbance of Alq 3 and NPD molecules determined from the density function approach can well describe the absorption features of the pristine organic films. The description is particularly accurate for the first absorption peak the long wavelength region, which is important for the applications of organic materials such as the Förster energy transfer in guest-host OLEDs.
It should be noted that the long wavelength tail of the absorption spectrum is significantly affected by the surface roughness [24] and any contaminating species on the substrate, such as unexpected satellite peaks and increases in the long wavelength tail of the absorption spectrum. It is important that the substrates have to be cleansed thoroughly and the evaporation is conducted in a clean vacuum chamber at a pressure of ∼10 −6 Torr or lower.
Comments on the experimental results (ellipsometry with oscillator models) with the orbital models
(1) Even though the experimental method of ellipsometry together with the oscillator models cannot give the physical understanding of the origins of the optical properties provided by the molecular orbital study, the results obtained from the experimental method agree well with the prediction by the theoretical study of orbitals. It could be concluded that ellipsometry together with the oscillator models are useful to extract the optical functions. Generally, it takes tens of hours for the theoretical model of the density function approach to determine the molecular orbitals and transitions and to simulate the absorbance in a supercomputer. The measurement of ellipsometry and the extraction of optical functions using oscillator models together with a standard PC typically take 1-2 h, with the exact time varying with the type of oscillators. (2) In experimental determination of the optical functions, it is a common practice in oscillator modelling that the number of oscillators used in fitting each optical spectrum should be minimized. Taking the case of Alq 3 with the thickness of 90 nm as an example, from the molecular orbital study, the absorption peak with the longest wavelength is dominantly contributed by seven vertical transitions as shown in table 2 and figure 3. However, from the Tauc-Lorentz oscillator model, the absorption peak is fitted by one asymmetric Tauc-Lorentz oscillator with centred energy of ∼411.8 nm, as shown in table 4. Understanding obtained from the molecular orbital study suggests that one can use more oscillator number to extract optical functions. As in the case of Alq 3 , seven oscillators can be used instead of one for the first absorption peak in the long wavelength region, which brings improved accuracy. It should be noted that other methods have been utilized to experimentally study the optical properties such as PLE [1] , luminescence and lifetime [25] . However, the methods generally cannot provide detailed information of the electronic transitions. 
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Conclusion
We have investigated the absolute refractive index and the absorption coefficient of pristine Alq 3 and NPD, which are robustly used in OLEDs, by using the experimental method of ellipsometry together with the oscillator models. Quality samples have been prepared in studying the optical functions.
In the extraction of optical functions using the oscillator models, the Tauc-Lorentz oscillator model provides the best fitting result. While the measurement of ellipsometry together with the oscillator models cannot provide the physical understanding of optical functions, molecular structure and orbitals of the two representative materials have been studied and the origins of the optical functions have been theoretically determined from the transitions of the states. Based on the understanding gained from the molecular orbital studies, comments on using the oscillator models have been discussed. A n , E on and Br n are the amplitude, peak energy (in eV) and broadening (in eV) of the nth oscillator as stated in equation (6), respectively. By using four Gaussian oscillators, the MSE between the experimental and the theoretical value of the ellipsometry parameter in equation (4) A n , E on and Br n are the amplitude, peak energy (in eV) and broadening (in eV) of the nth oscillator as stated in equation (5), respectively. By using four Lorentz oscillators, the MSE in equation (4) A n , E on , C n and E gn are the amplitude, peak energy (in eV), broadening (in eV) and transition energy (in eV) of the nth oscillator as stated in equation (7), respectively. By using four Tauc-Lorentz oscillators, the MSE in equation (4) is 3.492. It can be seen that the Tauc-Lorentz oscillator can provide the best fitting with the lowest MSE value as compared with other methods.
